Abstract-The Arabian Gulf is adjacent to the Zagros Mountains, one of the most seismically active regions in the world. We observe that broadband seismic records of Zagros earthquakes recorded on the Arabian side of the Gulf display long-duration surface waves. While shorter periods (\1 s) are attenuated from crossing the deep sediments ([10 km) of the Gulf basin, the longperiod energy is enhanced and transmitted efficiently. Consequently, large earthquakes in the Zagros could result in amplified ground motions at long periods (2-10 s) relative to average behavior. Such ground motions are of concern for large engineered structures, such as tall buildings and long bridges with resonant periods in the same period range. Here we present results of investigations of the characteristics of ground motions recorded on the western shore of the Gulf from selected earthquakes in the Zagros Mountains region. Exceptionally, long-duration seismic waves, as compared with standard models, are shown to occur with periods of 2-10 s. This may be due to waveguide effects in the deep sedimentary basin structure of the Arabian Platform. In addition to analyzing recorded ground motion we performed 3D wave propagation simulations using a finite difference method and experimental velocity models of the Gulf, with different shallow sedimentary layers structures. The simulation results confirm our hypothesis that long-period waves with extremely long duration and relatively large amplitudes are caused by the geometry of the basin sedimentary layers and, to some extent, by shallow earthquake depths. Combined effects of basin edge geometry with sharp velocity contrasts and shallow sources (\10 km) on the eastern side of the Arabian Gulf can cause large long-period ground motion on the western side of the Gulf. In contrast, the short-period content of ground motion (\2 s) at long distances is relatively weak. This is mainly due to wave propagation scattering and attenuation in the shallow sedimentary layers of the Gulf basin.
Introduction
The Persian/Arabian Gulf (hereafter referred to as the Arabian Gulf, or simply Gulf) lies near the boundary of the Arabian and Eurasian Plates. While the Gulf is mostly aseismic, the Arabian Peninsula is surrounded by regional seismic sources in the tectonically active areas of Iran and Turkey to the northeast, the Red Sea Rift bordering the Shield to the southwest, and the Dead Sea Transform fault zone to the north (JOHNSON 1998; AL-AMRI 2013) . These seismic sources control the majority of the seismic hazard in and around the Arabian Peninsula. Throughout recorded history, many damaging earthquakes have occurred along the Arabian Plate boundaries. These events have damaged buildings, and resulted in injuries and fatalities (AM-BRASEYS 1988; AMBRASEYS et al. 1994; ALSINAWI 1986 ).
The Zagros Mountains, which are located on the northeast side of the Arabian Gulf, is a very seismically active region. Large earthquakes in this region are capable of producing significant ground motion on the southwest side of the Gulf. Recent examples are the 2005 M5.7 and the 2008 M6.1 Qeshm Island earthquakes, which were particularly strongly felt in highrise buildings in the urban centers along the Gulf. The Makran subduction zone, located at the southern end of the plate boundary, where the Arabian plate subducts underneath the Eurasian plate, is capable of magnitude 7 and 8 events. These will also produce strong shaking along the Gulf. A repeat of the November 1945 M8.1 Makran earthquake will cause long-duration and highamplitude ground motion along the Gulf.
In this paper, we analyze ground motions recorded on the Arabian side of the Gulf using a mix of observations and full waveform 3D modeling. In particular, we examine the amplitude of long-period surface waves, which may present a hazard to large structures with resonant periods of 2-10 s. A number of large structures, such as high-rise buildings and bridges, exist in populated areas along the Gulf, and more are planned to be build. As the population increases and new areas are developed, the seismic risk to human life and infrastructure increases. In order to fully capture the seismic hazard of the Arabian Peninsula, we must understand the effects of the regional 3D underground structure on wave propagation. These effects cannot not be fully predicted by simply adopting GMPEs that are developed for other regions.
In this article we briefly describe the tectonic setting and crustal structure of the region. Then we discuss characteristics of ground motion from recent events. Finally, we investigate structural effects on ground motion by modeling 3D anelastic wave propagation using a finite difference method.
Tectonics and Seismicity of the Arabian Platform
Region Figure 1 shows the location of the study area which includes the Arabian Gulf. The Arabian Plate is under-thrusting the southern Eurasian margin along the Zagros Mountains Thrust on the northwest side of the Arabian Gulf. Further southeast the oceanic crust continues to subduct under the southern region of the Eurasian plate. The transition zone between the continental underthrusting and oceanic subduction consists of complex strike-slip faulting associated with some thrust faulting.
The Arabian Peninsula consists of exposed Paleozoic shield in the west, but is covered by sediments in the east (Arabian Platform). These sediments dip E-NE gently into the thick basin sediments of the Arabian Gulf. In general, the crust is 40-45 km thick and may be slightly thicker in the east. The velocity of the upper mantle is about -AMRI 1998; AL-AMRI et al. 1999; ROD-GERS et al. 1999; TKALČ IÇ et al. 2006) . GÖ K (2008) showed that sedimentary basin structure varies across the Arabian Platform, but crystalline crust is largely uniform in thickness and wavespeed. Regional seismic phases display considerable azimuthal variation. High-frequency regional S-wave phases are quite different for paths crossing the Arabian Shield than those crossing the Arabian Platform AL-DAMEGH et al. 2004) . In particular, the mantle Sn phase is nearly absent for paths crossing parts of the Arabian Shield, while the crustal Lg phase has abnormally large amplitude. The situation is reversed for paths crossing the Platform and Gulf, where Lg tends to show lower amplitudes, but Sn propagates efficiently. These variations appear to be due to a combination of variations in mantle attenuation and crustal structure (RODGERS et al. 1997) . AL-DAMEGH et al. (2004) . observed low Q Pn (\100 at 1.5 Hz) along the western coast of the Arabian Plate and along the Dead Sea fault system. Higher Q Pn values of the order of 400 were observed within the Arabian Shield and Platform at the same frequency. Similar patterns of crust and upper mantle Q p and Q s in the Arabian Shield and Arabian Platform are found by PASYANOS et al. (2009) in their model of Pwave and S-wave attenuation in the Middle East region using multiphase (Pn, Pg, Sn, Lg) attenuation tomography.
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Because of the limited amount of recorded ground motion data and poor seismic station coverage, the seismicity of the Gulf region is not well characterized. The seismicity is very low in the Arabian Gulf. In contrast, the seismicity is very high in the Zagros Mountains thrust belt that extends for a distance of about 1,500 km in a northwestsoutheast direction. The earthquakes in the Zagros define a zone of about 200 km wide that runs parallel to the fold belt. The majority of earthquakes occur in the crustal part of the Arabian plate that is underthrust along the folded belt. Magnitude 5 earthquakes are frequent and magnitude 6 may occur every year. The nature of deformation across this zone is complex, involving both thrust and strike-slip as indicated by earthquake focal mechanisms (TALEBIAN and JACKSON 2004) .
Analysis of Recorded Long-Period Ground Motion in the Gulf Region
The Arabian Gulf lies on a deep sedimentary basin. The sedimentary layers dip eastward, reaching a depth of up to 8 km adjacent to the Zagros. Figure 2 shows a map of depth to basement in the region proposed by LASKE and MASTERS (1997) . The deep structure of the Gulf is composed of geologically old and consolidated sediments with moderately high shear velocities (e.g., PASYANOS et al. 2014) . However, younger sediments near the surface have much lower velocities and probably high attenuation. ROD- GERS et al. (2006) and AL-AMRI et al. (2008) demonstrated that the sedimentary layers of the Arabian Gulf cause higher amplitude and longer duration ground shaking then normally observed in a continental crustal structure. The complex basin structure is of particular concern for the earthquake hazard in the Gulf. This study is an attempt to analyze quantitatively ground motion characteristics observed in the western side of the Arabian Gulf from earthquakes in the Zagros Mountains and Iranian Plateau. In particular, we focused on long-period (1-10 s) ground motion waveforms. Figure 3 shows typical time histories of ground motion velocity recorded at seismic stations in eastern Saudi Arabia from the M5.1 June 3, 2006 earthquake (see Fig. 1 for its location) . The northsouth component, corresponding most naturally with the transverse component of ground motion is shown for two frequency ranges: (a) 0.02-0.05 Hz (50-20 s) and 0.1-1.0 Hz (10-1 s). The very long period band (20-50 s) shows the surface waves arriving between 3.5 and 3.0 km/s, as expected for normal continental paths at regional distance. The surface wave is relatively simple with a short duration, and is normally dispersed, as expected. However, at shorter periods of 1-10 s the ground motion shows an unexpectedly long duration of up to hundreds of seconds and at lower group velocities. This long duration shaking will cause increased cyclical loading on large engineered structures, such as high-rise buildings, bridges, and pipelines, that are sensitive to seismic motion in the period range of 1-10 s. Similar observations have been made for other earthquakes recorded at station HASS for which the wave path crosses the thick sedimentary cover in the Persian/Arabian Gulf. The observed, extraordinarily long duration is likely due to a waveguide effect from the deep sedimentary structure of the basin which enhances long-period ground motion (e.g., MELLORS et al. 1999) . Seismic waveforms are affected by both wave path and source effects (e.g., PITARKA et al. 1998) . Path effects are a consequence of heterogeneous underground structure and surface topography. Lateral and vertical variations in velocity cause dispersion, diffraction, and reflections, all of which affect wave amplitude and duration. The effect of wave scattering due to small-scale heterogeneities (e.g., FRANKEL and CLAYTON 1986 ) is significant at intermediate and high frequencies (0.05-1 Hz). In general, wave attenuation is stronger in sedimentary basins than in basement and crystalline crust. However, the increased duration and relatively large amplitude of ground motion recorded along the west coast of the Gulf region suggests that seismic attenuation in the Gulf basin is very low for these periods.
Acceleration Response Spectra
We used ground motions from several earthquakes in the Zagros thrust belt recorded at stations on the west coast of the Gulf to investigate the effects of the Gulf basin structure on long period wave propagation. The location of the seismic stations is shown in Fig. 1 . Although the number of stations is limited, their location allows for a comparison of wave propagation effects along different E-W directions across the basin. In the absence of calibrated GMPEs for the Gulf region we analyzed the spectral characteristics of ground motion in the region by comparing recorded spectral acceleration with the GMPEs developed by CAMPBELL and BOZORGNIA (2008) and BOORE and ATKINSON (2006) , hereafter referred to as CB08 and BA06, respectively. These equations are based on ground motion data from earthquakes around the world. CB08, a Next-Generation Attenuation equation, was developed for earthquakes in active, shallow crustal structures. It is controlled by various parameters, including magnitude, distance, type of rupture, and basin depth (depth to layer with V s = 2.5 km/s). Because of the limited amount of good quality data at long distances the standard deviation of this equation is large at distances longer than 200 km and periods shorter than 3 s. On the other hand, BA06 is constrained better at large distances. BA06 was developed for eastern North America, which in some respects resembles the sediments/shield and tectonically stable structure of eastern Arabian Platform.
We compared the spectral ratio between the recorded and predicted spectral acceleration for 5 % damping at different periods. Figure 4 shows the comparison with CB08 as a function of distance. Not all the earthquakes considered in this comparison were well recorded at all stations. We only show results for stations that produced good quality data from at least two earthquakes. The predicted spectral acceleration was computed for a depth to basement of 3.5 km. The spectral ratios clearly show different behaviors at different periods. The recorded spectral acceleration is much higher than the one predicted by the GMPEs in the 10 s period. It is comparable in the 5 s period and much lower in the 1 s period. The comparison with BA06 has a similar trend (Figs. 5, 6) . In relative terms these results suggest that, in general, waves crossing the Gulf basin from the east are attenuated much less than expected at long periods. They are attenuated more than expected at shorter periods. Some of the amplification could be due to the basin structural effects, which for a deep basin such as the Gulf basin, are expected to be stronger at long periods. Long-period surface waves, which dominate the 10-s spectral response, are affected by the entire basin structure since they penetrate through the upper 10 km of the crust. On the other hand, shorter period waves (periods shorter than 1 s) have energy concentrated in the shallow basin sedimentary layers, and their shorter wavelengths are more susceptible to wave scattering effects compared to longer period waves. Consequently, short-period waves generated by earthquakes on the east coast of the Gulf are more prone to attenuation. Their amplitude is relatively small when they reach the west coast of the Gulf. The departure of the recorded spectral amplitudes from the GMPEs does not seem to correlate with source distance.
We also observed a significant dissimilarity among acceleration response spectra from three selected earthquakes recorded at different stations. This is illustrated using ground motion time histories from the M5.3 2006/06/03, M5.7 2010/07/20, and M5.9 2010/09/27 earthquakes, corrected for geometrical spreading and radiation pattern. The earthquake locations are indicated in Fig. 1 , and the comparison is shown in Fig. 8 . In the case of the 2006/06/03 earthquake, the response spectra are similar for periods longer than 3 s, except for station SGS24, which recorded much lower ground motion. The similarity breaks down at shorter periods. The largest difference is obtained in the period range of 0.5-3 s between stations SGS15 and SGS13 which have a similar direction from the event, but very different source distances. Besides having a longer distance, SGS13 is located outside the basin. Our interpretation of the observed similarities between the stations for periods longer than 3 s and dissimilarities for periods shorter than 3 s is that, while the energy carried by longer period waves leaks outside the basin as they propagate toward the west, short-period energy is trapped in the basin sedimentary layers. Consequently, long-period waves on the west coast of the Gulf will maintain their large amplitude and duration regardless of the station's location relative to the basin. In contrast, the amplitude of short-period waves will mostly depend on whether the site is within or outside the basin.
The most significant feature of the response spectra from the 2010/07/20 earthquake is the Vol. 172, (2015) Long-Period Ground Motion in the Arabian Gulf 2521 difference in spectral amplitudes between stations SLWS, KFJS, and BOQS. The three stations are on wave paths that cross the deepest parts of the basin. However, at SLWS the spectral acceleration is much larger in the period range 2-20 s. In contrast, the spectral amplitudes at BOQSS are very similar to spectral amplitudes at KFJS, which has a much longer epicentral distance, and is located on different wave path. The spectral differences between SLWS and BOQSS are an indication of path-specific wave propagation effects on ground motion along different paths across the basin. The basin depth, and probably its geometry, along the two wave paths changes considerably. A similar trend in ground motion variability is seen for the 2010/09/27 earthquake. Although the epicentral distances of stations BOQSS, SLWS, and HRD1 are twice as large as that of UOSS, the observed spectrum at these stations is at least a factor of 10 larger, especially in the period range of 0.1-3 s. At periods longer than 5 s the spectral amplitudes at UOSS exceed those at other stations. UOSS is located in the shallow part of the basin has a relatively flat spectrum on a broad period range. The similarities and dissimilarities among stations suggest that pathspecific effects can selectively amplify certain periods at sites in the western Gulf coast. Based on these observations, we conclude that the deep sedimentary structure in the Gulf acts as a waveguide that enhances long-period seismic wave amplification. In contrast, the shallow sedimentary layers attenuate high frequency waves, either due to wave scattering or due to low quality factor in the shallow sedimentary layers. Therefore, the knowledge of the basin structure on a broad scale range and validated modeling of its effects on wave propagation is crucial in predicting ground motion in the west coast of the Gulf.
Simulation of Basin Effects on Long-Period Ground Motion
The current knowledge of crustal structure in the Gulf region is limited to large-scale features that are expected to affect the amplitude and duration of longperiod ground motion. New crustal models of the region are under development. PASYANOS et al. (2014) have recently developed a crustal model that has a higher resolution compared to existing models such as CRUST5.1 (MOONEY et al. 1998) and CRUST2.0 (BASSIN et al. 2000) . In order to test our hypothesis of a basin wave guide to explain observed features of ground motion we investigated 3D wave propagation in the Gulf region using different basin models. We developed three experimental basin models representing different basin edge geometries and spatial extensions of surface sedimentary layers in the eastern and western parts of the Gulf. These features are not resolved in the current crustal models. The thickness of the basin was constrained by the basin structure reported by (LASKE and MASTERS 1997) . Figure 7 shows E-W vertical cross sections of the velocity models. In Model 1 the surface sedimentary layer continues across the entire model. In Model 2 the lateral extent of the surface sedimentary layer is limited toward the west. In Model 3 the geometry of the eastern basin edge is modified so that it can better channel the seismic energy coming from the seismic source below. The seismic velocity is the same for each model. The model dimensions are 800 km 9 300 km 9 90 km, and the top sedimentary layer has the properties: V p = 2.2 km/s, V s = 1.2 km/s, density 2 g/cm 3 , Q p = 200 and Q s = 100. We used WPP, a computer program developed at Lawrence Livermore National Laboratory (PETERSSON and SJOGREEN 2010a) , to model three-dimensional anelastic wave propagation. WPP uses a second-order anelastic finite difference method (NILSSON et al. 2007 ) with mesh refinement (PETERSSON and SJOGREEN 2010b) and a curvilinear grid for treating non-planar, free-surface boundary conditions (APPELO and PET-ERSSON 2008) . The code is parallelized, and has been used to model ground motion from large earthquakes in California, such as the 1906 San Francisco earthquake (e.g., AAGAARD et al. 2008) . We used a grid spacing of 200 m in the top 10 km of the model, and 400 m in the region below. The numerical scheme used in the finite difference code is proven to be accurate for a minimum of 15 grid nodes per wavelength, which corresponds to a maximum frequency of 0.4 Hz. Nevertheless, in our analysis of simulated ground motion we used a maximum frequency of 0.3 Hz. We computed velocity seismograms at a linear array of stations, indicated in Fig. 7 , for an M5.4 earthquake using a double-couple point source with a thrust mechanism, which is typical for earthquakes in the Zagros region. The source has a depth of 12 km, and a Gaussian-type slip velocity function with a corner frequency of 1 Hz. Figure 8a compares ground motion velocity seismograms computed with Model 1, Model 2, and Model 3, band-pass filtered at 0.01-0.3 Hz. Figure 8b and c show the same comparison, but in the frequency ranges of 0.1-0.3 Hz (2.5-10 s period range) and 0.02-0.05 Hz (20-50 s period range), respectively. We show the radial and vertical components of ground motion, which is dominated by basin-induced waves. Because of the predominant thrust mechanism of the source, the transverse component, not shown here, has much smaller amplitude. Note that the epicentral distances of receivers 1 and 2 are longer than 500 km. They fall within the source distance range of the seismic stations located on the west side (c) The ground motion in both radial and vertical components is dominated by dispersive basin surface waves that are trapped in the sedimentary layers. The basin-trapped waves are seen in different wave trains with group velocities that depend on basin layer velocity. The simulations reproduce the exceptionally long duration of ground motion of more than 350 s that is observed in the recorded data. Our simulation demonstrates that due to basin wave guiding, the amplitude of surface waves and their frequency content depends on the overall velocity structure of the basin. In general, Model 3 produces the largest ground motion, and Model 2 produces the weakest ground motion. This characteristic is more pronounced in the frequency range of 0.1-0.3 Hz (see Fig. 8b ). In contrast, in the period range of 20-50 s ground motion at very long periods is dominated by surface waves, and the three basin models produce very similar waveforms (Fig. 8c) . This is not surprising since the three models have the same basin geometry and velocity background.
The most significant manifestation of basin-guided waves is seen in the comparison of simulated waves in the period range of 2.5-5 s (0.2-0.3 Hz). In this period range the waveforms vary among the models. The variation suggests that ground motion is sensitive to small-scale structural features. For example, compared to Model 1, Model 3, which has a sharper edge in the east side of the basin, produces larger ground motion, especially at stations 1 and 2. Stations 1 and 2 record waves that travel across the shallow part of the basin structure. The geometry of the basin edge in Model 3, and its location above the source facilitates trapping of waves that enter the basin. The basin-guided wave effect increases the amplitude of ground motion. This distance-dependent effect can also be seen in the acceleration response spectra computed for the radial component of motion, shown in Figs. 9, 10. The response spectra show a larger separation at stations 1, 2, and 3, located near the western edge of the basin. The differences among models are larger at short periods, smaller than 3 s. Our simulation results suggest that the basin structure on the east side of the Gulf affects the ground motion on the west side of the Gulf, especially at short periods. We also found that, at these periods, the effect of shallow basin structure is significant in the vertical component of motion (Fig. 8b) .
The effect of 3D structure on ground motion at basin sites becomes very clear when we compare synthetic seismograms computed with a 3D basin model (Model 1) and a 1D reference velocity model. The 1D-layered model was derived from the velocity structure below station 1 in Model 1. The comparison of synthetic seismograms obtained with the 3D and 1D models is shown in Fig. 10 . The comparison suggests that the effect of 3D basin structure causes the increase of ground motion duration. The ground motion generated with 3D basin models is dominated by secondary surface waves with durations that depend on station location. In contrast, the 1D model creates dispersive surface waves that are confined within a relatively short time window, after the body waves. This numerical experiment demonstrates that ground motion produced with 1D regional velocity models of the Gulf basin may produce unrealistic ground motion. The seismograms will lack the energetic basin-induced surface waves with very long duration enhanced by 3D wave scattering.
Conclusions
This study is an attempt to analyze ground motion characteristics observed in the western side of the Arabian Gulf from earthquakes in the Zagros Mountains using comparisons with GMPEs and ground motion simulation. The comparisons with GMPEs showed that ground motion recorded in the Gulf region from earthquakes in the Zagros Mountains region is anomalous. The ground motion response in the period range of 5-10 s is much higher than the predicted one, with factors approaching 100, depending on the station and event locations. In contrast, at shorter periods the ground motion response is lower by at least a factor of 2. The extraordinary long duration of the seismic energy observed in the intermediate and long-period bands may have a significant impact on large structures along the Gulf shoreline. We speculate that the duration and amplitude of ground motion is due to waveguide effects in the sedimentary structure of the Gulf basin.
This hypothesis was tested using large-scale 3D waveform modeling. Sensitivity analysis of the basin induced waves and the corresponding response spectra due to shallow complexities in the basin models reveal the significant implication of basin structure in predicting strong ground motion in the Gulf region. Our high performance computer simulations suggest that a plausible explanation of the anomalous observed ground motion is the generation of basin reverberation waves that are trapped in the shallow sedimentary layers of the basin. Non-uniform structural effects on wave propagation cause the basin response to be period-dependent and highly variable. In order to reproduce the extremely long duration of the observed ground motion our simulations required a Q p = 200 and Q s = 100 in the top sedimentary layers of the basin. These relatively high-quality factors imply that long-period (2-10 s) waves are subject to rather low attenuation when propagating in the Gulf basin. The observation of strongly pathdependent amplitudes in the basin structure suggest that this region might be a good natural laboratory to test numerical simulation of ground motions to predict motions in the 1-10 s period band. Rapid development of infrastructure, including tall buildings, bridges, pipelines, and ports in this region will likely expose the region to seismic risk and further indicate that improved seismic hazard analysis of long-period motions is warranted.
The simulation results confirm our hypothesis that long-period waves with extremely long duration and relatively large amplitudes are caused by the geometry of the basin sedimentary layers and, to some extent, by the relatively shallow earthquake depth in the Zagros mountains, which favors the channeling of more seismic energy into the shallow sedimentary layers. Combined effects of basin edge geometry with sharp velocity contrast, and shallow earthquakes (depth \10 km) on the eastern part of the Arabian Gulf can cause large long-period ground motion on the western part of the Gulf. This study is a first step toward understanding and characterizing ground motion in the eastern part of the Gulf from earthquakes in the Zagros Mountains region. The development of well-constrained and high-resolution crustal velocity models of the region is crucial for improving the quality of earthquake ground motion prediction on a broad period range.
Both GMPEs adopted in this study may not be reliable at very long distances. Nevertheless, we used them as a reference to show the extremely large difference between recorded and predicted ground motion observed at all stations. More strong motion stations are need in order to develop adequate GMPEs, and improve strong ground motion characterization for the region. 
